INTRODUCTION
============

Bone conduction implants are a very useful alternative for rehabilitating patients in cases where conventional hearing aids are not adapted or are unacceptable, such as in cases of single-sided deafness or conductive/mixed hearing loss \[[@b1-ceo-2019-00381]\]. The principle is that sound can be transferred to the inner ear by skull vibrations, bypassing the external and middle ear. Since the first implant was reported in 1977, more than 10,000 patients worldwide have received the bone conduction implants \[[@b2-ceo-2019-00381]\]. Despite this success, several shortcomings are known. Percutaneous abutment requires lifelong daily hygiene control. The possible complications include infection, skin overgrowth and, in some cases, loss of implants (range, 8% to 59%), which can occasionally lead to revision surgery (range, 5% to 42%) \[[@b3-ceo-2019-00381],[@b4-ceo-2019-00381]\]. The aesthetic appearance is also a problem due to low-grade infections around the abutment, personal preference, and skin-penetrating implants behind the ear \[[@b5-ceo-2019-00381]\]. Several solutions have been proposed in which the skin remains intact \[[@b6-ceo-2019-00381]-[@b8-ceo-2019-00381]\].

A new system, the Baha Attract, was developed in 2013 \[[@b9-ceo-2019-00381]\]. A sound processor with a bone conduction transducer (vibrator) is attached to the outside of the intact skin. The sound processor is attached to a corresponding external magnet. Two magnetic discs are used: one under the skin connected to the implant, and a second external disc with a sound processor. A pad of soft material covers the surface of the magnet and distributes the pressure to the skin and soft tissue between the magnets. Surgery can be performed under local or general anesthesia and lasts from 40 to 80 minutes \[[@b10-ceo-2019-00381]-[@b12-ceo-2019-00381]\]. For satisfactory positioning, a large incision is used to insert the Baha Attract.

Here, we identified the appropriate anatomical position of the implant on the temporal bone in a cadaver study and developed a simplified surgical technique to implant the Baha Attract through a small incision (2.5 cm); we omitted the bone polishing that was used in three patients. We successfully implanted the Baha Attract according to the newly developed surgical procedure and validated the feasibility of this technique. The method developed has three advantages over the conventional technique: (1) improved cosmetic effect, as abnormal hair growth that occurs along a semicircular incision line does not occur when using this technique; (2) omitted polishing of the temporal bone; and (3) a short operating time (\<30 minutes), thus enabling the use of local anesthesia.

MATERIALS AND METHODS
=====================

Cadaver study
-------------

The study included 20 human adult dry skulls of an Asian population. The specimens were obtained from the Department of Anatomy at Yonsei University Wonju Severance Christian Hospital. Included skulls were injury-free. The skulls were excluded if a temporal bone was not intact or a history of head trauma was reported. The exact ages and sexes of the skulls were known. The average age was 64.5 years (range, 32 to 83 years) and the male to female ratio was 12:8. The skulls were studied to determine flat areas of the temporal bone for placement of the Baha Attract implant magnets. The conventional surgical site is anterior to the sigmoid sinus and requires bone polishing due to the temporal line ([Fig. 1A](#f1-ceo-2019-00381){ref-type="fig"}). We determined that the optimal surgical site is appropriate for implant placement; it is located in the retrosigmoid position. The borders of the optimal surgical site are as follows: (1) the anterior border is a line of the sigmoid sinus (sigmoid line); (2) the posterior border is a line of the occipitomastoid suture (occipitomastoid suture line); (3) the superior border is a line from the Asterion to the temporal line (Asterion line); and (4) the inferior border is a line from the end of the digastric groove in parallel (digastric line) ([Fig. 1B](#f1-ceo-2019-00381){ref-type="fig"}).

We calculated three parameters on each side of each skull: the distance from the spine of Henle to the Asterion, the distance from the spine of Henle to the sigmoid sinus in parallel, and the area of the optimal surgical site. Using transparent papers positioned tightly on the temporal bone, we drew the optimal surgical site on the papers. We then analyzed the differences between the two groups.

Preoperative surgical planning of navigation-assisted demarcations on three-dimensional computed tomography
-----------------------------------------------------------------------------------------------------------

Computed tomography (CT) datasets of the temporal bones (768×768 pixels; resolution, 0.129 mm/pixel; slice thickness, 0.67 mm) were imported into the three-dimensional simulation software program in the Digital Imaging and Communications in Medicine (DICOM) format. The location of the optimal surgical site was determined in the cadaver study described in the previous section. The optimal implant site was determined on CT images before surgery ([Fig. 2](#f2-ceo-2019-00381){ref-type="fig"}). Before the patient entered the room, the patient's radiological data were transferred to the surgical navigation system workstation. We followed the protocols of the previous navigation study when using the navigation system, which was used in Bonebridge surgery \[[@b13-ceo-2019-00381]\]. The Scopis Hybrid Navigation System (Megamedical, Seoul, Korea) was developed for use in ENT surgeries and helps doctors recognize the direction and structure of the operating area and the exact location of surgical equipment. We marked the location of the optimal surgical site on the skin covering the temporal bone of each patient before the aseptic drape.

Operative technique with a minimal skin incision
------------------------------------------------

Three patients received the implant under local anesthesia. Most steps followed the recommended procedures described in the company's surgery guide, with the exception of the skin incision line and polishing of the bumps of the temporal bones ([Fig. 3](#f3-ceo-2019-00381){ref-type="fig"}). First, the lines of the imaginary temporal line, hairline, and the contours of the magnetic dummy were drawn. Then, the site of the linear incision, 20--30 mm in length and following the hairline, was determined. After measuring the skin thickness with a needle, a linear incision after a local anesthesia is made down to the periosteum. Next, dissection of the periosteum over the temporal bone was needed to ensure adequate space for the magnet. The template of the implant magnet was placed on the periosteum to ensure good positioning of the implant magnet. A cruciate incision (6 mm^2^) was made in the periosteum to expose enough bone for the implant flange. After drilling with the Guide drill and the widening drill on the planned spot, the implant was placed. We checked the thickness of the bone before surgery to ensure it would be adequate. No bumps were permitted around the implant in the flat optimal surgical site. The bone bed indicator was checked and rotated to ensure it did not contact the bone. Before attaching the implant magnet, we confirmed with a soft tissue gauge that the flap was 6 mm thick. The flap was placed over the implant magnet and sutured through the periosteum. The incision line 1--2 mm from the magnet was checked.

Audiologic evaluation and surgery outcomes in three patients
------------------------------------------------------------

Three patients received Baha Attract implants, and they were followed up at our hospital for 6 months ([Table 1](#t1-ceo-2019-00381){ref-type="table"}). One month after the surgery, an external Baha 5 device was attached to the magnet. We evaluated audiologic function as well as the surgery site. The sound field set-up was calibrated according to Morgan et al. \[[@b12-ceo-2019-00381]\] Functional gains were calculated at the implant ear; with the contralateral ear with making. We primarily used the Hearing in Noise Test (HINT) to investigate speech discrimination in noise. We set speakers 1 m in front, to the right, and to the left of the patient. The signal-to-noise ratio or dB at which 50% speech discrimination or word recognition occurred was evaluated when the patient was presented with (1) a quiet situation, (2) sound from the front with noise from the right or the left side, (3) and noise from the front with sound from the right or the left side at speech levels similar to those in everyday life (65--75 dB) \[[@b14-ceo-2019-00381]\]. We also evaluated if the site of the implant was appropriate by examining the wound dehiscence, degree of scarring, disturbance of hair growth, and location of the implant.

Ethical considerations
----------------------

This study was approved by the Institutional Review Board of Yonsei University Wonju College of Medicine (IRB No. 2016-11-0006). Written informed consent was obtained from all participants. All methods were performed in accordance with the relevant guidelines and regulations of our IRB.

RESULTS
=======

Identification of the appropriate position of the implant on the temporal bone
------------------------------------------------------------------------------

Samples from 20 cadavers were divided into 20 right and 20 left sides, and the topographical distributions of the temporal bone were determined ([Fig. 4](#f4-ceo-2019-00381){ref-type="fig"}). The optimal surgical site was marked according to the proposed boundaries. We calculated the distance from the spine of Henle to the sigmoid sinus horizontally, and the distance to the Asterion horizontally from the spine of Henle to determine the approximate position of the screw from the spine of Henle. The area of the optimal surgical site was measured to see if there was enough space for the implanted magnet.

There was no significant difference in any of the three indices between the values of the temporal bone measured on the right and left sides. The distance from the spine of Henle to the sigmoid sinus was 2.04±0.01 cm on the right and 2.14±0.10 cm on the left (*P*=0.499). The distance from the spine of Henle to the Asterion was 5.05±0.09 cm on the right and 4.97±0.07 cm on the left (*P*=0.479). The area of the Optimal surgical site was 3.74±0.24 cm^2^ on the right and 3.37±0.18 cm^2^ on the left (*P*=0.225). A required diameter of the magnet is about 27 mm.

Development of a simplified surgical technique for Baha Attract with a small incision
-------------------------------------------------------------------------------------

The results obtained from the cadaver study enabled simplified surgery using a small incision. The precise location of the optimal surgical site allowed us to select a safe, flat position for the magnet on the preoperative temporal bone surface using preoperative CT images, and the navigation system used in the surgery room allowed the correct location marked on the patient's postauricular skin in the surgical field to be selected by the CT images. As a result, it was possible to find the flat position directly through the small incision and to shorten the operation time. All three surgeries were performed under local anesthesia and within 30 minutes. All three patients were able to terminate the operation within 30 minutes (knife to skin) and became possible under local anesthesia. The preparation time for the navigation system took within 10 minutes including the registration of the patient.

The operation time was greatly reduced by modifying the skin incision to a smaller size and by omitting the polishing of the protruding parts of the temporal bone surface. Owing to the narrow field of view, it was necessary to first measure the skin thickness before the next step, and then to fix the magnet to prevent the surgical instruments from sticking to the magnet. Based on our experiences with three patients, we devised a simplified surgical procedure, presented in [Fig. 3](#f3-ceo-2019-00381){ref-type="fig"}.

Successful outcomes of surgery and audiologic function
------------------------------------------------------

The stitches were removed 10 days after surgery. The external device was attached for 1 month and a hearing test was performed three times in the 6 months after surgery. No patient had complications (dizziness, pain, or wound dehiscence) immediately after surgery. All were discharged immediately and were followed for 6 months, without any wound problems or pain. Because the surgical site followed the hairline, there was no interference with hair growth, no visible scarring, and the external device could be placed in a position where a cap could be used ([Fig. 5](#f5-ceo-2019-00381){ref-type="fig"}).

The results of HINT in all patients showed that hearing continued to improve during the 6-month follow-up period. ([Fig. 6](#f6-ceo-2019-00381){ref-type="fig"}). Although the three patients do not have the same hearing, the patients with mixed hearing loss showed better benefits than did the patient with sensorineural hearing loss.

DISCUSSION
==========

A new transcutaneous bone conduction implant, the Baha Attract by the Cochlear Americas Corporation, have several benefits to patients compared to the classic penetrating Baha system \[[@b10-ceo-2019-00381]\]. In addition to the improved cosmetic effect, there were no significant differences in the understanding of quiet speech between the devices \[[@b4-ceo-2019-00381]\]. According to the company's manual, using the indicator template, the implant should be placed generally 50--70 mm from the ear canal and the superior edge of the processor in line with the top of the pinna. However, since Baha Attract has no definite evidences of surgical landmarks for the appropriate positioning, the implants are placed in different locations. Different implant positioning for each patient is time-consuming and results in unnecessary incisions. For surgeons who try to perform Baha Attract, it is necessary to have an easy and a precise surgical procedure without failure. For patients undergoing the surgery, a small incision and a short surgical time would be needed. We aimed to improve the surgical implantation of the Baha Attract. If there is sufficient anatomical evidence, this reference can be used to rapidly determine the implant position; thus, the procedure does not require a large incision, which reduces the surgical time and enables the use of local anesthesia. Therefore, the anatomical evidence presented in this study and the new surgical method based on this information provide useful information to practitioners and to patients receiving the Baha Attract.

The surgical location of the Baha Attract is the flat surface of the optimal surgical site of the temporal bone. The conditions for the magnet position of the Baha Attract are (1) a flat surface large enough for the magnet, (2) a depth of 4 mm or greater, and (3) easy exposure of the implantation site during surgery \[[@b1-ceo-2019-00381],[@b11-ceo-2019-00381],[@b15-ceo-2019-00381],[@b16-ceo-2019-00381]\]. The safe zone, which satisfies all three conditions, can be roughly classified into two types: the conventional surgical site, where the implant is often located, and the optimal surgical site in the retrosigmoid area ([Fig. 1](#f1-ceo-2019-00381){ref-type="fig"}). However, the temporal line across the conventional surgical site can cause protruding areas during surgery. Therefore, placement in the conventional surgical site requires a polishing step. According to a temporal bone thickness map \[[@b17-ceo-2019-00381]\], the bone is systematically thicker in the fronto-caudal portion. Most of the Conventional surgical site has a thickness of less than 5 mm, but in most cases, the optimal surgical site has a thickness of more than 7 mm. Additionally, implantation at the Conventional surgical site does not enable the wearing of hats after surgery. The anterior sigmoid sinuses are located in the optimal surgical site and the external device would contact the auricle. We set the anterior boundary of the optimal surgical site at the sigmoid sinus, and the upper boundary is bounded below the Asterion where the transverse sinus is usually located \[[@b18-ceo-2019-00381],[@b19-ceo-2019-00381]\]. The digastric groove, the attachment point of the digastric muscle, is the lower bound. If dissection of this muscle is difficult, it becomes difficult to expose the periosteum. The posterior border is the occipitomastoid suture, which forms when the mastoid is continued at an acute angle to the occipital bone. We identified this anatomical evidence in the cadaver study and have shown that this information is useful in clinical practice for Baha Attract implant surgery.

There are three primary advantages to our novel surgical method compared to conventional surgical implantation methods for the Baha Attract. First is the cosmetic aspect. The classic C type surgical method leaves a large scar, which may invade the inside of the hairline. However, the skin incision along the hairline showed little scarring even 6 month after surgery and did not disturb hair growth \[[@b16-ceo-2019-00381]\]. The uniform positions of the implants also enable wearing a hat. Second, we were able to omit the polishing step of the surgical procedure recommended by the company. The reason we polished the temporal bone was because of the temporal line in our analysis. When the magnet contacts the protruding part of the temporal bone, the magnitude of the vibration is disrupted, which decreases sound transmission \[[@b4-ceo-2019-00381],[@b20-ceo-2019-00381]-[@b22-ceo-2019-00381]\]. Therefore, the position of the implant in a bump-free area can minimize exposure of the surgical window, and the surgical time can be reduced. The third benefit, the surgical time of 30 minutes (knife to skin), enabled Baha Attract implantation to be performed under local anesthesia. Depending on the proficiency of surgeons, there will be a big difference in operation time, but it is confident that most surgeons will be able to perform the surgery in a shorter time with this hair line incision than the surgery with C-type incision. Additionally, the functional and audiological results showed significant gains after implantation in patients with conductive and mixed hearing loss, as well as those with single-sided deafness.

The navigation system we used projects the anatomical spots of the temporal bone selected in the CT images directly onto the skin of the patient's temporal area. A previous study demonstrated the utility of the navigation system in Bonebridge (MedEL, Innsbruck, Austria) surgery, which is also a Baha device anchored on the temporal bone with a different figure \[[@b13-ceo-2019-00381]\]. In that study, the use of an image-guided surgical navigation system helped place the implant exactly on the simulated location of the temporal bone. The optimal surgical boundary was found manually in preoperative temporal bone CT, and the position was arbitrarily determined using the navigation system. But the navigation system is not necessary because the navigation system is expensive and is not available in many hospitals. There was no major problem when the operation was performed by simply marking the landmarks found in the CT images from the external auditory canal on the skin. The navigation system was only needed for the operator's convenience, but did not affect the postoperative outcome.

In conclusion, the optimal surgical site of the temporal bone is a safe and easily accessible location for implantation of the Baha Attract. Although more clinical studies should be conducted, this newly developed surgical technique to implant the Baha Attract will provide clinicians with anatomical knowledge of the implant surgery, and patients undergoing implantation with convenience. The implants will be placed in similar positions based on anatomical evidence, so that implantation of the Baha Attract can be performed quickly, under local anesthesia, and through a small incision.

HIGHLIGHTS
==========

▪ We identified the appropriate anatomical position of the Baha Attract on the temporal bone in a cadaver study.

▪ We also developed a simplified surgical technique through a small incision through a small incision (2.5 cm) under local anesthesia.
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![(A) The anatomical distribution of the temporal bone shows that the optimal surgical site (OSS), with a relatively flat surface, is a better position for the Baha Attract implant. (B) The four borders of the OSS are the Asterion line (AL), sigmoid sinus line (SL), occipitomastoid suture line (OMS), and digastric groove line (DL). The average distances from the spine of Henle horizontally to the Asterion and to the Sigmoid sinus are necessary to determine the location of the implant during surgery. As the size of the implanted magnet is 27 mm, the area of the OSS should be sufficient. CSS, conventional surgical site; TL, temporal line.](ceo-2019-00381f1){#f1-ceo-2019-00381}

![The navigation system view during the implantation of Baha Attract. Just before the surgery, we marked the spot of the implant in the patient with the appropriate position measured in previous temporal bone computed tomography.](ceo-2019-00381f2){#f2-ceo-2019-00381}

![The steps of the newly developed surgical procedure for implantation of the Baha Attract. (A) The small incision line along the patient's hairline was marked. (B) The soft tissue thickness was measured with a thin needle. (C) An incision was made down to the periosteum. (D) The implant magnet template was placed on the periosteum. (E) A cruciate incision was made on the periosteum, and the periosteum was lifted. (F) The bone was drilled with a guide drill to a depth of 4 mm. (G) The hole was widened with the widening drill. (H) The implant was placed with a torque of 40--50 N-cm. (I) The bone bed indicator was used to confirm that the implant did not touch the bone or periosteum around the implant. (J) The thickness of the flap was evaluated with the soft tissue gauge, and should be 3--6 mm. If the skin flap was thicker than the reference point, the flap was thinned to 6 mm. (K) The implanted magnet was attached and screwed clockwise. (L) The skin was sutured to the periosteum over the implanted magnet. In the previous method provided by Cochlear Americas Corporation, a large C-shaped incision with a 150° angle across the hairline remained. Due to the large flap, additional steps were necessary to find a flat area of bone and to avoid the suture lines in the bone.](ceo-2019-00381f3){#f3-ceo-2019-00381}

![Topographical distributions of the temporal bone. There was no difference between the right and left sides. (A) The distance from the spine of Henle (HS) to the sigmoid sinus (sigmoid) was 2.04±0.01 cm on the right side and 2.14±0.10 cm on the left side (*P*=0.499). (B) The distance from the HS to the Asterion was 5.05±0.09 cm on the right and 4.97±0.07 cm on the left (*P*=0.479). (C) The area of the optimal surgical site was 3.74±0.24 cm^2^ on the right and 3.37±0.18 cm^2^ on the left (*P*=0.225).](ceo-2019-00381f4){#f4-ceo-2019-00381}

![The postoperative figures of the incision site. (A) and (C) show small incisions according to the hairlines of two patients 2 weeks after implantation. Patients in (B), (D), and (E) showed no scars in the postauricular area after 2 months. (F) The scar of a 63-year-old woman who received the implant through a large C-shaped incision, 6 months after implantation (white arrows).](ceo-2019-00381f5){#f5-ceo-2019-00381}

![Three patients who received the Baha Attract system using simplified surgery with the small incision; all scored well on the audiologic tests (sound field and Hearing in Noise Test \[HINT\]). Two patients with mixed hearing loss (A, C) as well as patient 2 (B), who had a type of sensorineural hearing loss, also recovered to approximately 40 dB on the surgical side. Compared with preoperative hearing (75, scaled out, and 90 dB), the hearing gains were excellent. The HINT results showed that initial improvement was rapid, and gradual improvement continued during the 6-month follow-up. PTA, pure tone audiometry; Rt, right; Lt, left.](ceo-2019-00381f6){#f6-ceo-2019-00381}

###### 

Patients' characteristics with Baha implantations

  Variable                            Patient 1   Patient 2       Patient 3
  ----------------------------------- ----------- --------------- -----------
  Sex/age (yr)                        Male/75     Male/55         Male/59
  Type of hearing loss                Mixed       Sensorineural   Mixed
  Pre-PTA (air/bone conduction, dB)   76/45       Deaf            92/52
  Site of surgery                     Right       Left            Right
  Anesthesia                          Local       Local           Local
  Surgery time (min)                  22          20              25
  Size of incision (mm)               25          28              25

PTA, pure tone audiometry.
